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(57) ABSTRACT

A high electron mobility transistor includes a buffer region
and a barrier region adjoining and extending along the buffer
region, the buffer and barrier regions are formed from semi-
conductor materials having different band-gaps and form an
electrically conductive channel from a two-dimensional
charge carrier gas. A gate structure is configured to control a
conduction state of the channel and includes an electrically
conductive gate electrode, a first doped semiconductor
region, a second doped semiconductor region, and a resistor.
The first doped semiconductor region is in direct electrical
contact with a first section of the gate electrode. The second
doped semiconductor region is in direct electrical contact
with a second section of the gate electrode. The first and
second doped semiconductor regions form a p-n junction
with one another. The first and second sections of the gate
electrode are electrically coupled to one another by the resis-
tor.

20 Claims, 7 Drawing Sheets
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1
HIGH ELECTRON MOBILITY TRANSISTOR
WITH RC NETWORK INTEGRATED INTO
GATE STRUCTURE

TECHNICAL FIELD

The instant application generally relates to high electron
mobility transistors, and more particularly relates to gate
structures for normally-off high electron mobility transistors.

BACKGROUND

Semiconductor transistors, in particular field-effect con-
trolled switching devices such as a MISFET (Metal Insulator
Semiconductor Field Effect Transistor), in the following also
referred to as MOSFET (Metal Oxide Semiconductor Field
Effect Transistor) and a HEMT (high-electron-mobility Field
Effect Transistor) also known as heterostructure FET (HFET)
and modulation-doped FET (MODFET) are used in a variety
of applications. An HEMT is a transistor with a junction
between two materials having different band gaps, such as
GaN and AlGaN. In a GaN/AlGaN based HEMT, a two-
dimensional electron gas (2DEG) arises at the interface
between the AlGaN barrier layer and the GaN bufter layer. In
an HEMT, the 2DEG forms the channel of the device instead
of'a doped region, which forms the channel in a conventional
MOSFET device. Similar principles may be utilized to select
buffer and barrier layers that form a two-dimensional hole gas
(2DHG) as the channel of the device. A 2DEG or a 2DHG is
generally referred to as a two-dimensional carrier gas. With-
out further measures, the heterojunction configuration leads
to a self-conducting, i.e., normally-on, transistor. Measures
must be taken to prevent the channel region of an HEMT from
being in a conductive state in the absence of a positive gate
voltage.

Due to the high electron mobility of the two-dimensional
carrier gas in the heterojunction configuration, HEMTs offer
high conduction and low losses in comparison to many con-
ventional semiconductor transistor designs. These advanta-
geous conduction characteristics make HEMTs desirable in
applications, including, but not limited to use as switches in
power supplies and power converters, electric cars, air-con-
ditioners, and in consumer electronics, for example. How-
ever, normally-on HEMTs have limited applicability in these
applications because these devices must be accompanied by
circuitry that can generate the negative voltages necessary to
turn the device off. Such circuitry adds cost and complexity to
the design. For this reason, it is typically desirable to include
features in an HEMT that modify the intrinsic normally-on
configuration and provide a normally-off device.

One technique for providing an HEMT with a positive
threshold voltage (i.e., a normally-off device) involves the
incorporation of features into the gate structure that modify
the intrinsic conductive state of the channel. For example, the
gate structure may be modified, e.g., by doping the insulating
portion so as to generate an electric field that influences the
conduction band in the buffer layer and locally depletes the
channel. The channel may be returned to a conductive state by
the application of a positive voltage to the gate electrode.
Consequently, the device has a positive threshold voltage.
However, the introduction of dopants into the insulating por-
tion of the device may determinately impact one or more
device parameters, such as leakage current, maximum gate
voltage and transconductance. Accordingly, there is a need to
provide a normally-off HEMT without determinately impact-
ing device parameters.
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2
SUMMARY

A high electron mobility transistor is disclosed. According
to an embodiment, the transistor includes a buffer region, and
a barrier region adjoining and extending along the buffer
region. The buffer and barrier regions are formed from semi-
conductor materials having different band-gaps such that an
electrically conductive channel including a two-dimensional
charge carrier gas arises at an interface between the buffer and
barrier regions due to piezoelectric effects. The transistor
further includes a gate structure being configured to control a
conduction state of the channel, the gate structure including
an electrically conductive gate electrode, a first doped semi-
conductor region, a second doped semiconductor region, and
a resistor. The first doped semiconductor region is in direct
electrical contact with a first section of the gate electrode. The
second doped semiconductor region is in direct electrical
contact with a second section of the gate electrode. The first
and second doped semiconductor regions have opposite con-
ductivity types and form a p-n junction with one another. The
first and second sections of the gate electrode are electrically
coupled to one another by the resistor.

According to another embodiment, the transistor includes
a buffer region, and a barrier region adjoining and extending
along the buffer region. The buffer and barrier regions are
formed from semiconductor materials having different band-
gaps such that an electrically conductive channel including a
two-dimensional charge carrier gas arises at an interface
between the buffer and barrier regions due to piezoelectric
effects. The transistor further includes a gate structure being
configured to control a conduction state of the channel and
including an electrically conductive gate electrode and an RC
network integrated into the gate structure. The RC network
includes first and second capacitors and a resistor. The first
and second capacitors are connected between the gate elec-
trode and the channel in a series configuration. The resistor is
connected in parallel with the first capacitor and in series with
the second capacitor.

According to another embodiment, the transistor includes
a buffer region, and a barrier region adjoining and extending
along the buffer region. The buffer and barrier regions are
formed from semiconductor materials having different band-
gaps such that an electrically conductive channel including a
two-dimensional charge carrier gas arises at an interface
between the buffer and barrier regions due to piezoelectric
effects. The transistor further includes source and drain elec-
trodes being spaced apart from one another and in ohmic
contact with the channel. The transistor further includes a
gate structure being configured to control a conduction state
of the channel, the gate structure including an electrically
conductive gate electrode, a first diode, a second diode, and a
resistor. The gate structure is configured such that the channel
is in a conductive state at a positive gate-source potential and
anon-conductive state at zero gate-source potential. The first
diode is arranged to be forward biased at the positive gate-
source potential. The second diode is arranged to be reverse
biased at the positive gate-source potential. The only connec-
tion between the gate electrode and the first diode at a positive
gate-source potential is through the resistor.

BRIEF DESCRIPTION OF THE DRAWINGS

The elements of the drawings are not necessarily to scale
relative to each other. Like reference numerals designate cor-
responding similar parts. The features of the various illus-
trated embodiments can be combined unless they exclude
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each other. Embodiments are depicted in the drawings and are
detailed in the description which follows.

FIG. 1 illustrates an RC circuit equivalent of a transistor
gate input, according to an embodiment.

FIG. 2 illustrates a transfer characteristic of the RC circuit
depicted in FIG. 1, according to an embodiment.

FIG. 3 illustrates an RC circuit equivalent of a transistor
gate input that includes a capacitor in parallel with the input
resistance, according to an embodiment.

FIG. 4 illustrates a transfer characteristic of the RC circuit
depicted in FIG. 3, according to an embodiment.

FIG. 5 illustrates a high electron mobility transistor having
two opposite polarity diodes integrated into the gate structure,
according to an embodiment.

FIG. 6 illustrates a high electron mobility transistor with an
RC network integrated into the gate structure that is config-
ured to suppress leakage current and improve switching
speed, according to an embodiment.

FIG. 7 illustrates a plan-view of the high electron mobility
transistor of FIG. 6, according to an embodiment.

FIG. 8 illustrates a high electron mobility transistor with an
RC network integrated into the gate structure that is config-
ured to suppress leakage current and maintain switching
speed, according to another embodiment.

FIG. 9 illustrates a high electron mobility transistor with an
RC network integrated into the gate structure that is config-
ured to suppress leakage current and maintain switching
speed, according to another embodiment.

DETAILED DESCRIPTION

Embodiments described herein include a high electron
mobility transistor that is formed from a heterojunction sub-
strate. The substrate includes bufter and barrier regions being
formed from semiconductor materials (e.g., GaN and AlGaN)
having different band-gaps such that an electrically conduc-
tive channel comprising a two-dimensional charge carrier gas
arises at an interface between the buffer and barrier regions
due to piezoelectric effects. The transistor includes a gate
structure having a gate electrode and two opposite conduc-
tivity type doped semiconductor regions being arranged
between the gate electrode and the barrier region. One of the
doped regions is configured to locally deplete the two-dimen-
sional charge carrier gas and provide a normally-off device.

Advantageously, the gate structure is configured with two
diodes and a resistor, with the diodes and resistor being col-
lectively arranged to suppress any potential leakage current
between the gate electrode and the channel. One of the diodes
is reversed biased at positive gate potential and therefore
blocks any potential leakage current. The other one of the
diodes is forward biased at positive gate potential, but this
forward bias can only be applied by the resistor. The resistor
may have a very large resistance value (e.g., between 500Q
and 10 kQ) such that there is very little current flowing
through the forward biased diode.

Further, the two diodes have intrinsic capacitance values
that can be tailored to an optimum ratio such that the relatively
high resistance value of the resistor does not detrimentally
impact the switching speed of the device. This tailoring is
achieved by appropriately selecting the doping concentra-
tions of the doped semiconductor regions in the gate struc-
ture. Accordingly, the embodiments described herein provide
an HEMT device with an RC network integrated into the gate
structure, with the RC network providing transtfer character-
istics that are not present in conventional normally-off HEMT
devices. Furthermore, this device can be efficiently manufac-
tured at minimal added expense in comparison to conven-
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tional high HEMT devices, as the resistor and the diodes can
be formed using doped semiconductor layers of III-Nitride
semiconductor material (e.g., p-GaN and N-GaN). Further
advantages will be apparent in the context of the following
discussion of the figures.

FIG. 1 depicts an RC network 100. The RC network 100 is
a first order network having a first resistor 102 connected in
series with a first capacitor 104. This RC network 100 repre-
sents the inherent resistance and capacitance present in a
MISFET structure, such as a normally-oft HEMT device.

FIG. 2 depicts a transfer characteristic of the RC network
100 of FIG. 1, as represented by a dominant pole approxima-
tion. The dominant pole approximation approximates the
time-voltage response of RC network 100 to a voltage step
signal, i.e., a voltage transition from a low value to a high
value that is intended to turn a device “ON.” As can be seen,
the voltage across the RC network 100 does not immediately
transition from a low value to a high value in response to the
step signal, and instead gradually transitions from a low value
to a high value. This response is attributable to the time delay
associated with the charging of the first capacitor 104. The
first capacitor 104 requires a certain amount of time to reach
a fully charged state and consequently apply the full bias of
the step signal. This charging is defined by a time constant
1=R*C, where R is a resistance of the first resistor 102 and C
is a capacitance of the first capacitor 104. The transfer char-
acteristic of FIG. 2 is described by the equation 1 provided
below.

Equation 1
G(s) =

l+7s

The y-axis in FIG. 2 represents the percentage voltage
across the first capacitor 104 in relation to the full voltage of
the step signal. The x-axis of FIG. 2 represents charging time
of'the RC network in increments of t. The first capacitor 104
is effectively fully charged (more particularly 99.3%
charged) at a time approximately equal to 5t. In many appli-
cations, itis desirable to reduce the time delay associated with
the switching operation. Such an improvement allows for an
increase in the frequency at which the transistor may be
operated. As the dominant pole time constant T is simply
dependent upon the resistance of the first resistor 102 and the
capacitance of the first capacitor 104, there are two potential
parameters that can be modified to reduce the time delay
associated with the switching operation, namely the capaci-
tance and resistance of the RC network 100. For example, the
time constant T can be lowered by a reducing the capacitance
of the first capacitor 104. However, in a MISFET structure,
this modification is typically achieved by thinning the gate
insulator and/or reducing the dielectric constant of the gate
insulator, which consequently increases the leakage current
of'the device. Conversely, one can reduce the leakage current
a MISFET structure by intentionally adding resistance into
the gate so as to increase the resistance of the first resistor 102.
However, this modification leads to increased switching
delays, because the time constant T is proportional to the
resistance of the first resistor 102. In other words, a tradeoff
between leakage current and gate capacitance is typically
unavoidable when seeking to optimize the switching charac-
teristics of a MISFET device.

FIG. 3 depicts an RC network 106 (or more particularly, a
CRC circuit) that differs from the RC network 100 of FIG. 1
in that a second capacitor 108 is connected in parallel with the
first resistor 102 and in series with the second capacitor 108.
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The incorporation of the second capacitor 108 introduces a
zero into the system, which means that the transfer charac-
teristic is not completely dependent upon by the dominant
pole time constant T and instead is also dependent upon a zero
time constant T. In this circuit, the dominant pole time con-
stant T is calculated as T=R (C,+C,), where R is a resistance
of'the first resistor 102, C, is a capacitance of the first capaci-
tor 104 and C, is a capacitance of the second capacitor 108.
Further, in this circuit, the zero time constant T is calculated
as T=RC,, where R is a resistance of the first resistor 102 and
C, is a capacitance of the second capacitor 108.

FIG. 4 depicts a transfer characteristic of the RC network
106 of FIG. 3 as approximated by the dominant pole time
constant T and the zero time constant T. The transfer charac-
teristic G(s) of FIG. 4 is described by the equation 2 provided
below.

_1+Ts Equation 2

G(s) =
) l+7s

The y-axis of FIG. 4 represents the percentage voltage
across the first capacitor 104 in relation to the full voltage of
the step signal. The x-axis of FIG. 4 represents charging time
ofthe RC network 106 in increments of T. As can be seen, the
introduction of a second capacitor 108 that is parallel to the
first capacitor 104 into the circuit has a compensatory effect
that can be utilized to reduce the switching delay associated
with the charging of the first capacitor 104. The response time
of the RC network 106 of FIG. 3 is dependent upon a ratio
between the dominant pole time constant T and the zero time
constant T. Particularly for ratio values of between 1.5 and
0.5, the response time of the RC network 106 of FIG. 3 is
significantly reduced in comparison to the response time of
the RC network 100 of FIG. 1.

The inclusion of a zero into the system allows for the
resistance of the first resistor 102 to be made very high with-
out compromising the response time of the RC network 106.
Therefore, in the context of a MISFET structure, this prin-
ciple can be utilized to intentionally increase the input resis-
tance of the device so as to constrain the amount of leakage
current flowing into the gate. Meanwhile, the switching time
of the device can be maintained or even improved by appro-
priately tailoring the capacitance values of the first and sec-
ond capacitors 104, 108 and consequently achieving an opti-
mal ratio between the dominant pole time constant T and the
zero time constant T. Exemplary device structures that utilize
this concept will now be discussed.

Referring to FIG. 5, a high electron mobility transistor 200
is depicted. The transistor is formed from a substrate 202
having a buffer region 204 and a barrier region 206 adjoining
and extending along the buffer region 204. The buffer and
barrier regions 204, 206 are formed from semiconductor
materials having different band-gaps such that an electrically
conductive channel 208 comprising a two-dimensional
charge carrier gas arises at an interface between the buffer and
barrier regions 204, 206 due to piezoelectric effects. That is,
the substrate 202 is includes a heterojunction.

According to an embodiment, the buffer region 204 is
formed from a layer of intrinsic GaN (gallium nitride) and the
barrier region 206 is formed from a doped layer of GaN, such
as InGaN (indium gallium nitride) or AlGaN (aluminum gal-
lium nitride). Specifically with regard to GaN technology, the
presence of polarization charges and strain effects in a GaN-
based heterostructure body due to spontaneous and piezo-
electric polarization yield a two-dimensional charge carrier
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gas in the heterostructure body characterized by very high
carrier density and carrier mobility. This two-dimensional
charge carrier gas, such as a 2DEG or 2DHG, forms the
conductive channel 208 of the device near the interface
between, e.g., a GaN alloy barrier layer such as AlGaN or
InAlGaN and a GaN buffer layer. A thin, e.g., 1-2 nm, AIN
layer can be provided between the GaN buffer layer and the
GaN alloy barrier layer to minimize alloy scattering and
enhance 2DEG mobility. In a broad sense, the compound
semiconductor transistor described herein can be formed
from any binary, ternary or quaternary Ill-nitride compound
semiconductor material where piezoelectric effects are
responsible for the device concept. In general, the compound
semiconductor transistor can be realized using any suitable
III-nitride technology such as GaN that permits the formation
of opposite polarity inversion regions due to piezoelectric
effects.

The transistor 200 includes a gate structure 210 that con-
trols the conduction (or non-conduction) state of the two-
dimensional charge carrier gas channel 208. The gate struc-
ture 210 includes a first doped semiconductor region 212 and
a second doped semiconductor region 214. The first doped
semiconductor region 212 has a first conductivity type (e.g.,
p-type) and the second semiconductor region has a second
conductivity type (e.g., n-type). According to an embodi-
ment, the first doped semiconductor region 212 includes a
first doped layer 216 of semiconductor material that is formed
on the barrier region 206. The first doped layer 216 may
directly adjoin the barrier region 206. The second doped
semiconductor region 214 includes a second doped layer 218
that is formed on the first doped semiconductor region 212
and may directly adjoin the first doped semiconductor region
212. According to an embodiment, the first and second doped
layers 216, 218 are formed from the same semiconductor
material as the substrate 202. For example, in the case of
substrate 202 that is a GaN/AlGaN heterostructure, the first
doped semiconductor region 212 may be formed from a layer
of p-type GaN that is formed on the barrier region 206 and the
second doped semiconductor region 214 may be formed from
a second layer of n-type GaN that is formed on the layer of
p-type GaN. According to another embodiment, the first and
second doped layers 216, 218 are formed from p-type AlGaN
and n-type AlGaN. respectively. The first and second doped
layers 216, 218 may be formed using epitaxial techniques, for
example.

The gate structure 210 further includes an electrically con-
ductive gate electrode 220. The gate electrode 220 may be
formed from any electrically conductive material, such as a
conductive metal. Examples of suitable materials for the gate
electrode include Al, TiN, TaN, Ti, Ta, Ti/Al and Ti/Al/Ti.
Alternatively, the gate electrode 220 may be formed from a
conductive semiconductor material (e.g., polysilicon).

The transistor 200 includes electrically conductive source
and drain electrodes 222, 224 that are spaced apart from one
another and are in ohmic contact with the channel 208. In the
absence of a mechanism to modify the intrinsic conductive
state of the channel 208, the two dimensional charge carrier
gas would form a complete conductive connection between
the source and drain electrodes 222, 224 at zero gate bias.
According to an embodiment, the doping concentration of the
first doped semiconductor region 212 has been fixed to a
minimum value so as to change the intrinsic conductive state
of'the channel 208 by generating a vertical electric field that
influences the conduction band in the barrier region 206 and
effectively depletes the two-dimensional charge carrier gas
(i.e., the channel 208 of the device). This depletion occurs in
a region that is directly below the gate structure 210. For
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example, in the event that the first doped semiconductor
region 212 is aregion of p-type GaN, the p-type concentration
in the first doped semiconductor region 212 is sufficiently
high such that the channel 208 is in a conductive state at a
positive gate-source potential and a non-conductive state at
zero gate-source potential.

The transistor 200 can be switched between ON/OFF states
by applying a bias to the first doped semiconductor region
212. By appropriately biasing the first doped semiconductor
region 212, the vertical electric field that effectively depletes
the two-dimensional charge carrier gas can be enhanced or
removed. The first doped semiconductor region 212 can be set
to the gate potential by forming a direct electrical connection
between the first doped semiconductor region 212 and the
gate electrode 220. One drawback of directly connecting gate
electrode 220 to the first doped semiconductor region 212 in
this manner is that it introduces a potential leakage path
between the gate electrode 220 and the channel 208. The first
doped semiconductor region 212 forms a first p-n junction
226 with the barrier region 206. This first p-n junction 226
provides a first diode 228 between the gate electrode 220 and
the channel 208. If the first diode 228 is forward biased (e.g.,
in the case of a positive gate-source potential) by a potential
that exceeds the threshold voltage of the first diode 228 (e.g.,
3V), there is a conductive connection between the gate elec-
trode 220 and the channel 208. Therefore, the existence of the
first diode 228 in the device has the potential to detrimentally
impact the power dissipation and/or maximum gate drive
voltage of the device.

Advantageously, the device of FIG. 5 includes a second
doped semiconductor region 214 integrated into the gate
structure 210 that forms a second p-n junction 230. This
second p-n junction 230 forms a second diode 232 that is
arranged to block the potential leakage path described above.
The first and second diodes 228, 232 are in series with one
another, but have opposite polarity so as to block current
flowing in either direction. For example, at a positive gate-
source potential (i.e., a positive bias between the gate terminal
220 and the source electrode 222) the first diode 228 is for-
ward biased and the second diode 232 is reverse biased. Thus,
while a positive gate-source potential that exceeds the thresh-
old voltage of the first diode 228 could place the first diode
228 in a conductive state, the second diode 232 will be in a
blocking state under these conditions and will therefore pro-
hibit leakage current from flowing between the gate electrode
220 and the channel 208.

The gate structure 210 in the device of FIG. 5 has no direct
electrical connection between the gate electrode 220 and the
first doped semiconductor region 212. Consequently, the first
doped semiconductor region 212 may be electrically floating.
That is, the potential of the first doped semiconductor region
212 may deviate from the gate potential. This configuration
may be problematic because the gate structure 210 does not
control the conduction state of the channel 208 under every
bias condition. However, as previously explained, directly
connecting the gate electrode 220 to the first doped semicon-
ductor region 212 suffers from the drawback that it creates a
potential leakage path through the first diode 228.

Referring to FIG. 6, a high electron mobility transistor 200
having a gate structure 210 that eliminates the floating gate
condition described above while incorporating the benefits of
the opposite polarity first and second diodes 228, 232 is
depicted. The view of FIG. 6 has been enlarged to highlight
the gate structure 210. The device may nonetheless include
the source and drain electrodes 222, 224 previously described
and be similarly or identically configured as the transistor 200
discussed with reference to FIG. 5, with the exception of the
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configuration of the gate structure 210, which will be
described in further detail below.

The gate electrode 220 of the device in FIG. 6 has two
discrete sections. A first section 234 of the gate electrode 220,
which is shown on the left side of FIG. 6, is in direct electrical
contact with the first doped semiconductor region 212. A
second section 236 of the gate electrode 220, which is shown
on the right side of FIG. 6, is in direct electrical contact with
the second doped semiconductor region 214. This configura-
tion electrically couples the gate electrode 220 with the chan-
nel 208 region of the substrate 202 through two paths. One
coupling is between the first section 234 of the gate electrode
220 and the channel 208. This coupling only includes the first
diode 228 (and not the second diode 232), which is in a
forward biased state at positive gate-source potential. There-
fore, absent a mechanism to mitigate the flow of current, this
coupling represents a possible leakage path for carriers (e.g.,
holes and electrons) to flow into the channel 208. The other
coupling is between the second section 236 of the gate elec-
trode 220 and the channel 208. This coupling includes both
the first and second diodes 228, 232. Because the second
diode 232 is in a blocking state at positive gate-source poten-
tial, the coupling that includes both the first and second diodes
228, 232 is not a possible leakage path.

According to an embodiment, the first doped semiconduc-
tor region 212 directly adjoins and covers the barrier region
206 and the second doped semiconductor region 214 directly
adjoins and covers the first doped semiconductor region 212.
The first and second doped semiconductor regions 212, 214
may however have different areas. This area is measured in
two directions (length and width directions) parallel to a first
main surface 238 of the barrier region 206. An area of the
second doped semiconductor region 214 is smaller than an
area of the first doped semiconductor region 212 such that the
second doped semiconductor region 214 only partially covers
the first doped semiconductor region 212. Thus, there is a
portion of the first doped semiconductor region 212 that is
exposed from the second doped semiconductor region 214
and is accessible for electrical connection. The direct electri-
cal connection between the first section 234 of the gate elec-
trode 220 and the first doped semiconductor region 212 is
provided at this uncovered portion of the first doped semicon-
ductor region 212. That is, the first section 234 of the gate
electrode 220 is in direct electrical contact with the uncovered
portion of first doped semiconductor region 212. The second
section 236 of the gate electrode 220 is in direct electrical
contact with the second doped semiconductor region 214.

The direct electrical connection between the gate electrode
220 and the subjacent doped regions (either the first doped
semiconductor region 212 or the second doped region) may
be effectuated by any conductive structure, such as a metal or
a highly doped semiconductor region. For example, accord-
ing to an embodiment, the first section 234 of the gate elec-
trode 220 is in direct electrical contact with the first doped
semiconductor region 212 by a conductive via structure that
extends through a passivation layer 246. Alternatively, the
direct electrical connection between the gate electrode 220
and the subjacent doped regions may be effectuated by direct
physical contact. For example, according to an embodiment,
the first section 234 of the gate electrode 220 directly adjoins
the first doped semiconductor region 212 so as to form a
low-ohmic connection between the two.

The gate structure 210 in the device of FIG. 6 further
includes an integrated resistor 240 that substantially abro-
gates any potential leakage current flowing through the first
diode 228. According to an embodiment, the integrated resis-
tor 240 electrically connects the first and second sections 234
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of the gate electrode 220 together. Further, the transistor 200
may be configured such that the only conductive path to apply
a positive gate-source potential to the first diode 228 is
through the integrated resistor 240. Consequently, the first
doped semiconductor region 212 can be maintained at a fixed
gate potential by the integrated resistor 240. That is, the first
doped semiconductor region 212 is not electrically floating,
as it is coupled to the gate potential by the integrated resistor
240. The integrated resistor 240 is a discrete and intentionally
formed part of the gate structure 210. The integrated resistor
240 adds resistance to the connection between the first doped
semiconductor region 212 and the gate terminal (G) beyond
what would be realized by a direct electrical connection (e.g.,
by a continuous conductive wire connection). The integrated
resistor 240 may be formed on the substrate 202 in a different
cross-sectional region than what is depicted in FIG. 6.

The device of FIG. 6 includes an RC network 242 that
corresponds to the RC network 106 described with reference
to FIG. 3. This RC network 242 is integrated into the gate
structure 210. More particularly, the integrated resistor 240
corresponds to the first resistor 102 in the circuit of FIG. 3.
The first p-n junction 226 provides the first capacitor 104 in
the circuit of FIG. 3. This is attributable to the fact that there
is a capacitance associated with any p-n junction, due to the
depletion and diffusion of charges at the junction. Likewise,
the second p-n junction 230 provides the second capacitor
108 in circuit of FIG. 3.

The RC network 242 is configured such that the first and
second capacitors 104, 108 are connected between the gate
electrode 220 and the channel 208 in a series configuration.
That is, the first and second capacitors 104, 108 are arranged
so that a gate-source voltage is distrusted across the first and
second capacitors 104, 108, with one node that connects the
first and second capacitors 104, 108 being at a potential thatis
between the gate potential and the source potential. In one
exemplary embodiment of a series configuration, the first
capacitor 104 is in direct electrical contact with the gate
electrode 220 and a first node, and the second capacitor 108 is
in direct electrical contact with the first node and the barrier
region 206.

The RC network 242 is further configured such that the first
resistor 102 (which is provided by the integrated resistor 240)
is connected in parallel with the first capacitor 104 and in
series with the second capacitor 108. That is, the integrated
resistor 240 is arranged to be at the same voltage as the first
capacitor 104. According to one exemplary embodiment of a
parallel configuration, the first resistor 102 is in direct elec-
trical contact with the with the gate electrode 220 and with the
first node that connects the first and second capacitors 104,
108 together.

The gate structure 210 of FIG. 6 can also be described with
reference to the connectivity and conductive states of the first
and second diodes 228, 232 and the integrated resistor 240.
According to an embodiment, the gate structure 210 is con-
figured such that the first diode 228 is forward biased at a
positive gate-source potential and such that the second diode
232 is reverse biased at the positive gate-source potential.
This is because that the first and second p-n junctions 226,
230 are interposed between the gate electrode 220 and the
channel 208. Therefore, when the first p-n junction 226 is in
a conductive state, the second p-n junction 230 is in a block-
ing state (and vice-versa).

According to an embodiment, the only connection between
the gate terminal (g) and the first diode 228 at a positive
gate-source potential is through the integrated resistor 240.
As previously explained, the second p-n junction 230 is in a
blocking state at a positive gate-source potential and therefore
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does not provide a conductive connection between the gate
terminal (G) and the first doped semiconductor region 212.
The first doped semiconductor region 212 may nonetheless
be set to the gate potential if one terminal of the integrated
resistor 240 is directly electrically connected to the first sec-
tion 234 of the gate electrode 220 and an opposite terminal of
the integrated resistor 240 is directly electrically connected to
the gate terminal (G). The connection between the integrated
resistor 240 and the gate terminal (G) may be effectuated via
the second section 236 of the gate electrode 220 or by a
separate connection.

Advantageously, the principles explained with reference to
FIG. 3 can be applied to the RC network 242 of FIG. 6 to
reduce leakage current by setting a resistance of the integrated
resistor 240 to a high value. According to one embodiment,
the integrated resistor 240 has a resistance of between 500€2
and 10 KQ. More particularly, the integrated resistor 240 may
have a resistance of 1000€2. At this value, with a positive
gate-source potential of 5 volts, the amount of leakage current
flowing into the first diode 228 will not exceed 5 mA (milli-
amps). Further, a detrimental impact on switching time of the
transistor 200 due to the high resistance value of the inte-
grated resistor 240 may be avoided by adjusting the ratio of
capacitance values between the first and second capacitors
104, 108 and therefore tailoring the ratio between the domi-
nant pole time constant T and the zero time constant T as
described with reference to FIG. 3. According to one embodi-
ment, a ratio between a dominant pole time constant T con-
stant of the RC network 242 and a zero time constant T of the
RC network 242 is between 1.5 and 0.5. As the capacitance of
the first and second p-n junctions 226, 230 is dependent upon
the doping concentrations of the first and second doped semi-
conductor regions 212, 214, these doping concentrations can
be easily tailored to achieve preferable ratios between a domi-
nant pole time constant T of the RC network 242 and a zero
time constant T of the RC network 242. This ratio can be
controlled with a high degree of precision so as to avoid a
voltage overshoot condition, e.g., in the case of ratio values
greater than 1.5.

The first and seconds capacitors 104, 108 may have a
capacitance in the range of 200 pF (picoFarads) to 5 nF
(nanoFarads), for example, ina transistor with 70 m€2 R , JON
(on-state drain-source resistance). For different R,,;ON val-
ues, the capacitances of the first and seconds capacitors 104,
108 can be tailored accordingly.

Referring to FIG. 7, a plan-view of the transistor 200 is
depicted, according to an embodiment. In this embodiment,
the first doped layer 216 forms both the first doped semicon-
ductor region 212 and the resistor 240. The resistor 240 is
formed by a section 244 of the first doped layer 216 that is
discrete from and physically separated from the first doped
semiconductor region 212. The geometry of the first doped
semiconductor region 212 and the resistor section 244 may be
provided by masked etching techniques, for example. The
first doped semiconductor region 212 and the resistor section
244 may be physically separated by an insulative passivation
layer 246, which is formed on the barrier region 206 and is
laterally adjacent to the first doped layer 216 and the second
doped layer 218. The passivation layer 246 may be formed
from any of a variety of dielectrically insulating materials,
such as SiN or SiO,.

According to an embodiment, the resistor section 244 has
arectangular shape. As those of ordinary skill will appreciate,
the resistance of a structure is determined by the geometry of
the structure (e.g., the cross sectional area or two-dimensional
area, in the case of a sheet resistance) and the conductivity of
the material. In the case of a semiconductor material, conduc-
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tivity can be influenced by adjustment to the doping concen-
tration of the material. Thus, by forming the resistor 240 from
rectangular sections 244 of the first doped layer 216, which is
a semiconductor layer, the resistance value of the resistor 240
can be controlled to a high degree of precision. The geometry
and doping concentration of the resistor sections 244 section
can be easily defined and controlled, e.g., by the parameters of
the epitaxial processes used to form the first doped layer 216
and the subsequent etching process that is applied to the first
doped layer 216.

In one exemplary embodiment, each of the rectangular
resistor sections 244 has a sheet resistance of approximately
100 kQ per square. These rectangular resistor sections 244
can be strung together in a parallel configuration to achieve a
desired overall gate input resistance of the integrated resistor
240. For example, the integrated resistor 240 can be formed
from 100 of the 100 kQ rectangular resistor sections 244
connected in parallel with one another such that an overall
resistance of the integrated resistor 240 is approximately 1
k€. More generally, each of the rectangular resistor sections
244 can have a sheet resistance of approximately between 50
k€ and 150 kQ per square, and a sufficient number of the
rectangular resistor sections 244 can be connected in parallel
such that an overall resistance of the integrated resistor 240 is
between 500€2 and 10 kQ. These values are provided as
examples, and the same principles may be applied using
rectangular resistor sections 244 sections of different shape
and/or resistance to form the integrated resistor 240.

The device of FIG. 7 is configured with a main gate bus line
248 and a plurality of gate fingers 250. The first and second
sections 234, 236 of the gate electrode 220 are provided by
alternating ones of the gate fingers 250. That is, for each pair
of gate fingers 250 that extends over one of the first doped
semiconductor regions 212, one of the gate fingers 250 pro-
vides the first section 234 of the gate electrode 220 and the
other one of the gate fingers 250 provides the second section
236 of the gate electrode 220. FIG. 7 shows one unit cell
having this configuration. This unit cell may be repeated a
number of times to form a single one of the transistors 200.
The main gate bus line 248 provides a global connection
between the gate terminal (G) and the first and second sec-
tions 234, 236 of the gate electrode 220. According to an
embodiment, the main gate bus line 248 and the gate fingers
250 are formed from a metallization layer, such as a copper,
aluminum or gold metallization.

Advantageously, the configuration depicted in FIG. 7 pro-
vides a space efficient layout for the transistor 200 in which
the resistor sections 244 minimally increase the overall area
requirement of the gate structure 210 in comparison to a gate
structure 210 that does not include the integrated resistor 240.
The presence of integrated resistor 240 in the gate structure
210 may require no more than 10% of additional layout area
in comparison to a gate structure 210 that does not include the
integrated resistor 240. From the plan-view perspective of
FIG. 7, each of the gate fingers 250 are perpendicular to the
main gate bus line 248 and each of the resistor sections 244 in
the plurality are arranged between the first doped semicon-
ductor region 212 and the main gate bus line 248. Further, the
lateral width of the resistor sections 244 can be the same or
less than a lateral width of the first doped semiconductor
region 212. Thus, the lateral width of each unit cell is not
increased by the inclusion of the resistor sections 244 in the
gate structure 210. In other words, the incorporation of the
resistor sections 244 into the gate structure 210 may only
require expansion of the unit cell in one direction (i.e., the
vertical direction, from the perspective of FIG. 7). Further, the
geometry of the resistor sections 244 depicted in FIG. 7 canbe
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easily formed according to known techniques. Therefore, the
incorporation of the integrated resistor 240 into the gate struc-
ture 210 can be done at minimal cost and complexity.

Referring to FIG. 8, a close up view of a gate structure 210
according to another embodiment is depicted. The transistor
200 of FIG. 8 differs from the previous embodiments dis-
cussed in that the first and second doped semiconductor
regions 212, 214 are each formed from two semiconductor
layers. In addition to the first doped layer 216, the first doped
semiconductor region 212 further includes a third doped layer
252 of semiconductor material being more highly doped than
the first doped layer 216. The third doped layer 252 is formed
on the first doped layer 216 and is in direct electrical contact
with the first section 234 of the gate electrode 220. The second
doped semiconductor region 214 further includes a fourth
dopedlayer 254 of semiconductor material being more highly
doped than the second doped layer 218. The fourth doped
layer 254 is formed on the second doped layer 218 and is in
direct electrical contact with the second section 236 of the
gate electrode 220

Advantageously, the multi-layer gate structure 210 con-
figuration of FIG. 8 allows for optimization of the electrical
parameters of the RC network 242 as well as the contact
resistance between the gate electrode 220 and the first and
second doped semiconductor regions 212, 214. For example,
a junction capacitance of the second p-n junction 230 can be
controlled to achieve a desired value for the second capacitor
108 (e.g., 1 nF by adjustment to the doping concentration of
the second semiconductor layer 218. Further, this doping
concentration may be independent from a doping concentra-
tion of the region that connects the second doped semicon-
ductor region 214 to the second section 236 of the gate elec-
trode 220. Likewise, the junction capacitance of the first p-n
junction 226 is independent from the contact resistance
between the first section 234 of the gate electrode 220 and the
first doped semiconductor region 212, as these two param-
eters are dependent upon the doping concentration of the first
and third doped layers 216, 252, respectively.

Similar principles may be utilized to provide a multi-layer
gate structure 210 with three or more doped layers that form
each of the first and second doped semiconductor regions
212, 214. In this way, further tailoring of the doping profile
and associated capacitances can be achieved. Likewise, these
principles may be used to provide a gate structure 210 with
one doped layer for the first and second doped semiconductor
regions 212, 214, with these doped layers having locally
varying doping concentration (e.g., from tailoring the dopant
dosages and annealing times).

Referring to FIG. 9, a close up view of a gate structure 210
according to another embodiment is depicted. The transistor
200 of FIG. 9 differs from the previous embodiments dis-
cussed in that a recess 256 has been formed in the barrier
region 206. The recess 256 extends away from the first main
surface 238 of the barrier region 206. That is, the recess 256
extends into the substrate 202 so as to provide a surface of the
substrate 202 that is spaced closer to the two-dimensional
charge carrier gas than the first main surface 238. The recess
may be formed, e.g., by etching techniques. The gate struc-
ture 210 is configured with the first doped semiconductor
region 212 being formed in the recess 256. Such a configu-
ration may be desirable to achieve further or better depletion
of'the two-dimensional charge carrier gas underneath the gate
structure 210 and consequently achieve more stable control of
the channel 208.

The term “directly electrically connected” or “in direct
electrical contact” describes a permanent low-ohmic connec-
tion between electrically connected elements, for example a
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direct contact between the concerned elements or a low-
ohmic connection via a metal and/or highly doped semicon-
ductor. By contrast, the term “electrically coupled” means
that one or more intervening element(s) configured to influ-
ence the electrical signal in some tangible way is be provided
between the electrically coupled elements. These intervening
elements include active elements, such as transistors, as well
as passive elements, such as inductors, capacitors, diodes,
resistors, etc.

As used herein, the term “gate structure” refers to the
electrically conductive gate electrode that receives the
switching signal from the gate terminal and the subjacent
portions of semiconductor material that insulate the gate elec-
trode from the channel and separate the gate electrode from
the substrate.

The Figures and the description illustrate relative doping
concentrations by indicating “~” or “+” next to the doping
type “n” or “p”. For example, “n™ means a doping concen-
tration which is lower than the doping concentration of an
“n”-doping region while an “n*”-doping region has a higher
doping concentration than an “n”-doping region. Doping
regions of the same relative doping concentration do not
necessarily have the same absolute doping concentration. For
example, two different “n”-doping regions may have the
same or different absolute doping concentrations. In the Fig-
ures and the description, for the sake of a better comprehen-
sion, often the doped portions are designated as being “p” or
“n”-doped. As is clearly to be understood, this designation is
by no means intended to be limiting. The doping type can be
arbitrary as long as the described functionality is achieved.
Further, in all embodiments, the doping types can be reversed.

As used herein, the terms “having,” “containing,” “includ-
ing,” “comprising” and the like are open-ended terms that
indicate the presence of stated elements or features, but do not
preclude additional elements or features. The articles “a,”
“an” and “the” are intended to include the plural as well as the
singular, unless the context clearly indicates otherwise.

With the above range of variations and applications in
mind, it should be understood that the present invention is not
limited by the foregoing description, nor is it limited by the
accompanying drawings. Instead, the present invention is
limited only by the following claims and their legal equiva-
lents.

What is claimed is:

1. A high electron mobility transistor, comprising:

a buffer region;

a barrier region adjoining and extending along the buffer
region, the buffer and barrier regions being formed from
semiconductor materials having different band-gaps
such that an electrically conductive channel comprising
a two-dimensional charge carrier gas arises at an inter-
face between the buffer and barrier regions due to piezo-
electric effects; and

a gate structure being configured to control a conduction
state of the channel, the gate structure comprising an
electrically conductive gate electrode, a first doped
semiconductor region, a second doped semiconductor
region, and a resistor,

wherein the first doped semiconductor region is in direct
electrical contact with a first section of the gate elec-
trode;

wherein the second doped semiconductor region is in
direct electrical contact with a second section of the gate
electrode,

wherein the first and second doped semiconductor regions
have opposite conductivity types and form a p-n junction
with one another, and
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wherein the first and second sections of the gate electrode

are electrically coupled to one another by the resistor.

2. The transistor of claim 1, wherein the first doped semi-
conductor region comprises a first doped layer of semicon-
ductor material being formed on the barrier region, wherein
the second doped semiconductor region comprises a second
doped layer of semiconductor material being formed on the
first doped semiconductor region, and wherein the resistor is
formed by a section of the first doped layer that is physically
isolated from the first doped semiconductor region.

3. The transistor of claim 2, wherein the buffer region
comprises Gallium Nitride, wherein the barrier region com-
prises Aluminum Gallium Nitride, wherein the first doped
layer of semiconductor material is a layer of p-type Gallium
Nitride or Aluminum Gallium Nitride, and wherein the sec-
ond doped layer of semiconductor material is a layer of n-type
Gallium Nitride or Aluminum Gallium Nitride.

4. The transistor of claim 3, wherein the first doped semi-
conductor region directly adjoins and covers the barrier
region, wherein the second doped semiconductor region
directly adjoins and covers the first doped semiconductor
region, wherein an area of the second semiconductor region is
smaller than an area of the first doped semiconductor region
such that the second doped semiconductor region only par-
tially covers the first doped semiconductor region, wherein
the first section of the gate electrode is in direct electrical
contact with an uncovered portion of the first semiconductor
region.

5. The transistor of claim 4, wherein the resistor is formed
by a plurality of rectangular sections of the first doped layer,
and wherein each of the rectangular sections in the plurality
are electrically connected with the first and second sections of
the gate electrode, and wherein each of the rectangular sec-
tions are electrically insulated from the first doped semicon-
ductor region by a passivation layer that is formed on the
barrier region.

6. The transistor of claim 5, further comprising a main gate
bus line and a plurality of gate fingers, the main gate bus line
and gate fingers being formed from a metallization layer,
wherein the first and second sections of the gate electrode are
formed from alternating ones of the gate fingers, and wherein,
from a plan view perspective transistor, each of the gate
fingers is perpendicular to the main gate bus line and each of
the rectangular sections in the plurality is arranged between
the first doped semiconductor region and the main gate bus
line.

7. The transistor of claim 6, wherein each of the rectangular
sections in the plurality is connected in parallel with one
another and has a resistance of between 50 kQ and 150 kQ,
and wherein the resistor has aresistance of between 5002 and
10 kQ.

8. The transistor of claim 2, wherein the first doped semi-
conductor region further comprises a third doped layer of
semiconductor material being more highly doped than the
first doped layer, wherein the third doped layer is formed on
the first doped layer and is in direct electrical contact with the
first section of the gate electrode, wherein the second doped
semiconductor region further comprises a fourth doped layer
of semiconductor material being more highly doped than the
second doped layer, and wherein the fourth doped layer is
formed on the second doped layer and is in direct electrical
contact with the second section of the gate electrode.

9. The transistor of claim 2, wherein the barrier region
comprises a first main surface and a recess extending away
from the first main surface, and wherein the first doped semi-
conductor region is formed in the recess.
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10. A high electron mobility transistor, comprising:

a buffer region;

a barrier region adjoining and extending along the buffer
region, the buffer and barrier regions being formed from
semiconductor materials having different band-gaps
such that an electrically conductive channel comprising
a two-dimensional charge carrier gas arises at an inter-
face between the buffer and barrier regions due to piezo-
electric effects; and

a gate structure being configured to control a conduction
state of the channel and comprising an electrically con-
ductive gate electrode and an RC network integrated into
the gate structure,

wherein the RC network comprises first and second capaci-
tors and a resistor,

wherein the first and second capacitors are connected
between the gate electrode and the channel in a series
configuration, and wherein the resistor is connected in
parallel with the first capacitor and in series with the
second capacitor.

11. The transistor of claim 10, wherein the first capacitor is
in direct electrical contact with the gate electrode and a first
node, wherein the second capacitor is in direct electrical
contact with the first node and the barrier region, and wherein
the resistor is in direct electrical contact with the with the gate
electrode and the first node.

12. The transistor of claim 11, wherein the gate structure
comprises a first doped semiconductor region arranged on the
barrier region and a second doped semiconductor region
arranged on the first doped semiconductor region, wherein
the first capacitor is formed by a first p-n junction between
first doped semiconductor region and the barrier region, and
wherein the second capacitor is formed by a second p-n
junction between the first doped semiconductor region and
the second doped semiconductor region.

13. The transistor of claim 12, wherein the first doped
semiconductor region comprises a first doped layer of semi-
conductor material being formed on the barrier region,
wherein the second doped semiconductor region comprises a
second doped layer of semiconductor material being formed
on the first doped semiconductor region, and wherein the
resistor is formed by a section of the first doped layer that is
physically isolated from the first doped semiconductor
region.

14. The transistor of claim 13, wherein the resistor has a
resistance of at least 5009, wherein capacitance values of the
first and second capacitances are such that a ratio between a
dominant pole time constant of the RC network and a zero
time constant of the RC network is between 1.5 and 0.5,
wherein the dominant pole time constant equals the resistance
of'the resistor multiplied with the total capacitance of the first
and second capacitors, and wherein the zero time constant
equals the resistance of the resistor multiplied with the
capacitance of the second capacitor.

15. The transistor of claim 14, wherein the resistor is pro-
vided by a plurality of rectangular shaped sections of the first
doped layer being connected in parallel with one another.
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16. A high electron mobility transistor, comprising:

a buffer region;

a barrier region adjoining and extending along the buffer
region, the buffer and barrier regions being formed from
semiconductor materials having different band-gaps
such that an electrically conductive channel comprising
a two-dimensional charge carrier gas arises at an inter-
face between the buffer and barrier regions due to piezo-
electric effects;

source and drain electrodes being spaced apart from one
another and in ohmic contact with the channel;

a gate structure being configured to control a conduction
state of the channel, the gate structure comprising an
electrically conductive gate electrode, a first diode, a
second diode, and a resistor,

wherein the gate structure is configured such that the chan-
nel is in a conductive state at a positive gate-source
potential and a non-conductive state at zero gate-source
potential,

wherein the first diode is arranged to be forward biased at
the positive gate-source potential,

wherein the second diode is arranged to be reverse biased at
the positive gate-source potential, and

wherein the only connection between the gate electrode
and the first diode at a positive gate-source potential is
through the resistor.

17. The transistor of claim 16, wherein the gate structure
comprises a first doped semiconductor region arranged on the
barrier region and a second doped semiconductor region
arranged on the first doped semiconductor region, wherein
the first diode is formed by a first p-n junction between first
doped semiconductor region and the barrier region, and
wherein the second diode is formed by a second p-n junction
between the first doped semiconductor region and the second
doped semiconductor region.

18. The transistor of claim 17, wherein the first doped
semiconductor region comprises a first doped layer of semi-
conductor material being formed on the barrier region,
wherein the second doped semiconductor region comprises a
second doped layer of semiconductor material being formed
on the first doped semiconductor region, and wherein the
resistor is formed by a section of the first doped layer that is
physically isolated from the first doped semiconductor
region.

19. The transistor of claim 18, wherein the resistor is
formed by a plurality of rectangular sections of the first doped
layer, and wherein each of the rectangular sections in the
plurality are electrically connected with the first and second
sections of the gate electrode, and wherein each of the rect-
angular sections are physically separated from the first doped
semiconductor region by a passivation layer that is formed on
the barrier region.

20. The transistor of claim 19, wherein each of the rectan-
gular sections in the plurality is connected in parallel with one
another and has a resistance of between 50 kQ and 150 kQ,
and wherein the resistor has aresistance of between 5002 and
10 kQ.
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